This study was aimed to evaluate the protection against radiation of human peripheral blood lymphocytic DNA by a formulation of three isolated active principles of Podophyllum hexandrum (G-002M). G-002M in various concentrations was administered 1 h prior to irradiation in culture media containing blood. Radioprotective efficacy of G-002M to lymphocytic DNA was estimated using various parameters such as dicentrics, micronuclei (MN), nucleoplasmic bridges (NPB) and nuclear buds (NuB) in binucleated cells. Certain experiments to ascertain the G2/M arrest potential of G-002M were also conducted. It was effective in arresting the cells even at half of the concentration of colchicine used. Observations demonstrated a radiation-dose-dependent increase in dicentric chromosomes (DC), acentric fragments, MN, NPB and NuB upto 5Gy. These changes were found significantly decreased by pre-administration of G-002M. A highly significant dose modifying factor (DMF) 1.43 and 1.39 based on dicentric assay and cytokinesis block micronuclei assay, respectively, was observed against 5Gy exposure in the current experiments. G-002M alone in its effective dose did not induct any change in any of the parameters mentioned above. Observations on cell cycle arrest by G-002M showed that the formulation has potential in arresting cells at G2/M, compared with colchicine. Based on significant DMF at highest radiation dose (5Gy) studied currently and meaningful reduction in radiation-induced chromosomal aberrations, we express that G-002M has a potential of minimising radiation-induced DNA (cytogenetic) damage.
Introduction
Increased use of nuclear energy in various sectors of desired/ undesired procedures has increased the probability of human exposure to radiation (1, 2) . Inspite of more than 6 decades of research, development of a safe and effective radioprotector for human use remains elusive till today. Several chemical compounds and their analogues have been screened for their radioprotective ability. However, the practical applicability of the majority of these synthetic compounds remained limited, owing to their toxic nature. Safety issues have shifted the focus of radioprotector development to natural resources that are known to possess various pharmacological properties and minimal toxicity (3) (4) (5) . Based on this aspect, large number of medicinal plants has been evaluated for their radioprotective efficacy. Podophyllum hexandrum (family: Berberidaceae), commonly known as Himalayan Mayapple, has been reported in Ayurvedic mode of medication for its various therapeutic uses (6, 7) . Formulations prepared from rhizomes of this high altitude plant (2000-4000 m) are found to be rich in a number of bio-active components, majorly lignans, flavonoids and their glucosides. The alcoholic formulation of this plant is found to render >90% protection in lethally irradiated mice predominantly by exhibiting protection to radiosensitive organ systems (8) (9) (10) . A drug prepared by combining the active principles of three isolated molecules of P. hexandrum (G-002M) has been reported to have antioxidant potential (11) , inhibition in inducible nitric oxide synthase production (12) and upregulation of DNA repair proteins (13) .
Chromosomes, the most critical part of any living cell, containing genetic information, are highly sensitive to radiation. Radiation exerts its damaging action by direct ionisation, causing disruption of chemical bonds and structure of DNA. Radiationinduced DNA damage may also occur by indirect mechanism of production of highly reactive free radicals and their subsequent reaction with cellular macromolecules (14, 15) . Radiation effects range from point mutation to break in the nucleotide chains of DNA leading to various chromosomal aberrations such as deletion, duplication, inversion and translocation (16, 17) .
Radiation-induced chromosomal damage can be measured by the classical cytogenetic technique of scoring dicentric (DC) chromosomes in metaphases. Radiation specificity, high sensitivity and dose dependency accounts for cytogenetic chromosome aberration bioassay (dicentric in specific) a 'gold standard' for estimation of approximate radiation dose and its immediate and future consequences (18) (19) (20) . Cytokinesis block micronuclei assay (CBMN assay) has also emerged as one of the reliable techniques to evaluate chromosomal damage and genomic instability (21) . Radiation-induced micronuclei (MN) formed in the cells are the consequence of DNA damage and repair. They arise mainly from acentric fragments that are not capable of attaching themselves to the spindle apparatus during mitosis (22) . Ionising radiation-induced cytogenetic damage is reflected by the frequency of micronucleated cells as they lose their clonogenecity (23) . Fenech and Morley (24) developed CBMN assay based on identification of binucleated cells (BNC) by blocking cytokinesis with cytochalasin B, an inhibitor of actin polymerisation required for the formation of the microfilament ring. This process enables scoring of MN in BNC that have undergone only one division. The method has the unique advantage of multi-end-point study approach and has been termed as CBMN cytome assay (25, 26) . This is because of the fact that in addition to scoring MN in BNC, nucleoplasmic bridge (NPB; biomarkers of DNA miss-repair and/or telomere end fusion) (27, 28) and nuclear buds (NuB; biomarker of elimination of amplified DNA and DNA repair complexes) (28, 29) can also be scored to estimate cytotoxicity.
During this study, P. hexandrum formulation G-002M was investigated for its radioprotective properties against gamma irradiation-induced chromosomal damage in cultured human peripheral blood lymphocytes using various cytogenetic tools. The most effective concentration of G-002M was analysed by putting cultures with various concentrations of G-002M. DMF was calculated to ascertain radioprotective effectiveness against 5Gy of radiation using chromosomal (dicentric assay) and CBMN assay as the end points. To understand the mechanistic aspect, the formulation was also evaluated for its G2/M arrest property by replacing colchicine treatment with different concentrations of G-002M.
Material and methods

Chemicals
Roswell Park Memorial Institute (RPMI-1640) media, phytohemagglutinin-P (PHA-P), heat-inactivated fetal calf serum and antibiotic solution (Penicillin, 10 000 units and Streptomycin, 10 mg) were purchased from HiMedia. Cytochalasin B (Cyt B) was from Fluka. Colchicine, dimethylsulphoxide (DMSO), potassium chloride (KCl) and sodium bicarbonate (NaHCO 3 ) were brought from Sigma. Acetic acid and Giemsa stain were from Fischer Scientific, while Methanol was from Sisco research laboratory.
Preparation of G-002M
G-002M is a combination of three active components, Podophyllotoxin (coded as A), Podophyllotoxin β-D-glucoside (coded as B) and Rutin (coded as C). All the three molecules were in their >98% purity. Molecules A, B and C were used in 3:1:1 ratio (G-002M) (11) . Compounds were freshly dissolved in DMSO before each experiment and diluted with culture media to a final concentration of DMSO as 0.01%. Formulation, diluted in sterile culture media, was filtered with syringe filter (Millipore syringe filter of 0.22 µm) and various concentrations of G-002M (0.1, 0.2, 0.3, 0.4 µg/5 ml culture) were added to the culture 1 h prior to radiation exposure.
Blood collection and G-002M treatment
Blood (2 ml) was collected individually in heparinised vacutainers (Becton Dickinson and company) from five healthy human volunteers, aged between 20 and 35 years, after their informed consent and as per institutional ethical committee clearance. Whole blood (0.5/0.3 ml) was added to 5 ml of complete culture media. In G-002M treated groups, required concentration of G-002M was added and culture was kept at 37°C for 1 h. The supernatant was discarded after centrifugation and cells were resuspended in fresh RPMI-1640 medium. DMSO (0.01%) was used as a vehicle/sham control.
Irradiation
Blood samples from various experimental groups were exposed to different doses (1, 2, 3, 4 and 5Gy) of gamma radiation in Cobalt 60 Teletherapy Unit (Bhabatron II). Dose rate during this study ranged between (0.977-0.767Gy/ min). Gamma irradiator is under regular calibration for radiation dose rate by institute radiation physicists using various dosimetry methods.
Chromosomal aberration assay
Whole blood, in triplicate, was cultured for 48 h as per Moorhead et al. (30) method. Blood (0.5 ml) was cultured in 5 ml of RPMI-1640 media supplemented with 20% fetal calf serum and antibiotic solution (Penicillin 10 000 units and Streptomycin 10 mg). PHA-P (2%) was added to stimulate the lymphocytes to undergo cell division. Colchicine (0.2 µg/culture of 5 ml) was added after 46 h of culture incubation at 37°C, i.e. 2 h before termination. Pellet obtained after centrifugation for 10 min at 1200 rpm, was resuspended in KCl (0.075M) for 30 min. Cells were fixed and washed thrice with Carnoy's fixative (3:1, methanol: acetic acid). Slides were prepared by air drying method, stained with 10% Giemsa stain and mounted with di-n-butyl phthalate in xylene (DPX). Slides were then examined under ×1000 oil immersion (Olympus BX63).
For each sample, minimum 100 well-speared metaphase plates were scored. Each metaphase plate was evaluated for the presence of DC, rings and acentric fragments. Tricentrics were considered as two dicentrics.
CBMN cytome assay and scoring CBMN cytome assay was performed using cytochalasin B technique described by Fenech and Morley (24) . Cultures in triplicate were initiated by addition of 2% PHA-P as mitogen in 5 ml of complete RPMI-1640 medium, containing 0.3 ml whole blood and were incubated at 37°C. Cytochalasin B (6 µg/ ml) was added at 44 h after initiation of culture. After further incubation for 28 h, cultures were harvested by mild hypotonic treatment and immediate centrifugation was done for 5 min. The cells were then fixed in Carnoy's fixative containing 1% formaldehyde. After two more washing with chilled Carnoy's fixative, cell pellet was resuspended in small volume (~100-200 µl) of fixative and cells were casted over pre-cleaned slides that were then stained with 10% Giemsa stain and mounted with DPX on drying.
MN were scored under ×400 and ×1000 oil immersion using Olympus BX63 light microscope, following the scoring criteria outlined in the HUman MicronNucleus (HUMN) project (31) . For each sample, minimum 1000 BNC with well-defined cytoplasmic boundary were evaluated and the frequencies of BNC with one, two, three and four MN were recorded separately. Along with MN, NPB and NuB were also scored in BNC as per the guidelines framed by HUMN project (31) .
Dose modifying factor
Dose modifying factor (DMF) was used to analyse the potential of G-002M in minimising the effect of radiation dose. Calculation was based on the following method of Thames and Rasmussen (32) .
DMF
Radiation dose to produce an effect in G-002M pretreat = e ed irradiated group Radiation dose to produce the same effe ect in irradiated group
Metaphase arrest analysis For this study, colchicine (0.2 µg/5 ml culture) was taken as positive control. G-002M in various concentrations (0.125, 0.25, 1.25, 2.5 µg/5 ml culture) was replaced by colchicine. Treatment time interval (2 and 24 h) of G-002M was obtained by varying its administration and culture termination timings. In one group, G-002M was added 46 h after initiation of cultures, which were terminated at 48 h. In another group where G-002M was retained for 24 h, G-002M was added after 48 h of culture and termination was done 72 h after culture initiation. Standard protocol for chromosomal preparation was followed as mentioned in chromosomal aberration assay section. Frequency of metaphase plates was scored in the prepared slides.
Statistical analysis
The data were analysed using paired Student's t-test. Two sided, paired Student's t-test was used to compare the different treatment groups. All results obtained were expressed as mean ± standard deviation. P value <0.05 and <0.001 was considered as significant and highly significant, respectively. All statistical analysis was carried out using Prism 6 (GraphPAD) software.
Results
Drug (G-002M) dose response
G-002M concentration-dependent alteration in levels of DC and MN frequencies in human blood lymphocytes is shown in Figure 1A and B, respectively. To find the best effective dose of G-002M, 2Gy was used as standard radiation dose. At this dose, samples have demonstrated significant increase (P < 0.01) in the frequency of DC (0.312 ± 0.015 DC/metaphase) and MN (281.4 ± 6.731 MN/1000 BNC), compared with unirradiated blood samples (DC/metaphase: 0 and MN/1000 BNC: 6.0 ± 1.82). Frequency of MN and DC in G-002M-pretreated irradiated samples had shown a highly significant (P < 0.001) negative correlation with G-002M concentration. However, decrease in both the markers beyond the concentration of 0.2 µg/5 ml culture got saturated. Based on the observations the 0.2 µg/5 ml culture of G-002M was considered for further studies. No DC was observed in samples treated with G-002M only at its highest concentration (0.4 µg/5 ml culture) studied ( Figure 1A) . MN estimated in G-002M-only samples was comparable with controls ( Figure 1B ). DMSO alone (0.01%), used as solvent to dissolve G-002M, did not show any significant protection to the samples exposed to 2Gy radiation.
Radiation dose-dependent study
Frequency of DC and MN increased with increase in radiation exposure doses (1, 2, 3, 4 and 5Gy). For both DC and MN, dose-response curve fits the linear quadratic model well (r 2 = 0.991 for DC and r 2 = 0.999 for MN; Figure 2A and B). The other type of aberrations (acentric fragments, NPB and NuB) studied currently have also shown significant increase with radiation dose (1, 2, 3, 4 and 5Gy) though the linearity was not comparable with DC and MN. Figure 3 represents various radiation-induced chromosomal aberrations in metaphase plate. Figure 4 shows various abnormalities obtained in CBMN assay.
Radioprotective efficacy study
Chromosomal aberration/dicentric assay. Appearance of dicentric and ring chromosomes increased significantly with increase in exposed doses (1, 2, 3, 4 and 5Gy) of radiation ( Figure 3) . Pretreatment of human blood with effective concentration (0.2 µg/5 ml culture) of G-002M, 1 h prior to irradiation showed significant (P < 0.05) decrease in these aberrations at all the radiation doses studied, compared with concurrent radiation group ( Figure 5 ). G-002M-mediated decrease in dicentric and ring chromosomes was found to be 45-63%. Even at highest dose of radiation studied (5Gy), the reduction was approximately 2-folds.
Acentric fragments, breaks and double minutes were considered together (Figure 3) . A considerable increase in all these aberrations was found in samples irradiated with different doses (1, 2, 3, 4 and 5Gy) of gamma radiation. A highly significant (P < 0.001) decline in these type of aberrations was also observed in G-002M-pretreated irradiated samples at all the radiation doses, compared with their respective radiation-alone group (Figure 6 ). Decrease ranged from ~40-55%. G-002M alone in effective concentration did not induce any type of chromosomal aberrations.
CBMN cytome assay. MN in BNC: Increased MN in BNC as a result of radiation exposure was significantly (P < 0.001) lowered by treating the samples with G-002M (0.2 µg/5 ml culture), Fig. 1 . G-002M concentration-dependent decrease in radiation induced (A) dicentric and ring chromosomes per metaphase and (B) MN scored in 1000 BNC at 2Gy. For culture, 1 ml blood was drawn from healthy individuals in heparin vacutainers. Cultures were terminated at 48 h and 72 h for dicentric assay and CBMN assay, respectively. G-002M was administered 1 h before irradiation. DMSO concentration used was 0.01% (final concentration in which G-002M was dissolved). G-002M-only samples were treated with highest concentration (0.4 µg/5 ml culture) studied. Ø symbolises no DC in case of control and samples treated with G-002M only. @ = control versus radiation-alone group. § = Radiation versus G-002M-treated irradiated samples. † = comparison in between G-002M (0.1μg/ culture of 5 ml) + 2Gy versus G-002M 0.2, 0.3 and 0.4 μg/5 ml culture + 2Gy. *P < 0.01 (significant) and **P < 0.001 (highly significant). 1 h prior to radiation (1, 2, 3, 4 and 5Gy). Decrease in presence of MN in BNC was ~60% at lower doses (1 and 2Gy), while at higher doses (4 and 5Gy), it was 40-48% ( Figure 7) . However, when analysed separately, BNC bearing one MN in G-002M-pretreated samples decreased ~2-folds at lower doses (1 and 2Gy), while 1.5-folds at higher radiation doses (3, 4 and 5Gy) in comparison with the corresponding radiation group ( Figures 4A-C and 8A ). Decline in two MN also followed similar pattern ( Figures 4A, B and D and 8B ). G-002M pretreatment completely eliminated multiple MN (three and more) at 1Gy, while significantly lowered (~4-folds) the number at 2 and 3Gy. At 4 and 5Gy, the fold decrease in multiple MN was ~2 times, compared with concomitant radiation-only group ( Figures 4A,  B , E-G and 8C). The difference in MN between control and G-002M-alone group was found to be non-significant (P value: 0.242; Figure 7 ). NPB and NuB in BNC: Increase in NPB and NuB in BNC ( Figure 9A and B) had shown a direct correlation with increase dose of radiation. There was significant reduction (30-50%) of both the nuclear anomalies in blood samples treated with G-002M (0.2 µg/5 ml culture) 1 h prior to radiation exposure, compared with respective radiation-alone group. G-002M had significantly reduced (P < 0.05) NPB at 1Gy (P < 0.01) at all the other doses (2, 3, 4 and 5Gy) studied currently ( Figures 4A, B, H and I and 9A ). G-002M-mediated decline in NuB also was significant (P < 0.01) at all the radiation doses studied ( Figures 4A, B, J and K and 9B) . G-002M alone in effective concentration did not show significant variation in aberrations from unirradiated group.
DMF of G-002M
DMF of G-002M was calculated at highest dose of radiation (5Gy) studied currently. Both the cytogenetic tools, dicentric assay and CBMN assay were used as the end point for DMF calculation ( Figure 10A and B) . Significantly high DMF was obtained by evaluating both the assays (dicentric assay: 1.43, while CBMN assay: 1.39). (A and B) show normal BNC. (C-K) demonstrates various types of aberrations in BNC that appear as an effect of exposure to ionising radiation. C, D, E, represent BNC with one, two, three MN, respectively, while F and G shows BNC, each with four MN. H and I show BNC with NPB along with MN, while J and K represent BNC containing NuB. For these studies, blood was drawn from healthy individuals in heparin vacutainers. Whole blood cultures were terminated at 72 h. Cytochalasin B was added at 44 h to obtain BNC. Slides were stained with 10% Giemsa. Minimum 1000 BNC were scored for various aberrations under a magnification of ×1000 (oil immersion). 
Metaphase arrest induced by G-002M
G-002M was found efficient in arresting human blood lymphocytes at metaphase (G2/M phase) with a treatment time of 2 h. The extent of arrest by G-002M was comparable with colchicine at half of its concentration (Table 1) . Observations had shown significant decrease in metaphase frequency at almost 10 to 20 times higher concentration to the effective dose of G-002M.
Discussion
Multifaceted use of nuclear energy has increased the necessity for development of effective counter measures to minimise the deleterious effects of radiation. Cells exposed to ionising radiation usually end up with genomic instability/mutation, carcinogenesis or cell death; therefore, it is essential to protect the DNA against radiation. The studies conducted so far, for development of safe agents against radiation, have not yielded significant outcome due to either their low efficacy or the associated toxicity (4). Plant products due to their innumerable pharmacological properties and lesser toxicity are under continuous monitoring for their radioprotective properties (3, 5) . Semipurified extracts of P. hexandrum, studied elaborately in our group, have shown enumerable radioprotective properties including 85-90% whole body protection against lethal doses of radiation in various strains of mice (8) (9) (10) 33, 34 ). This could have been possible majorly by rendering protection to the vital organs (gastrointestinal tract, hematopoietic system, spleen, thymus etc), which are otherwise highly radiosensitive (9, 10, 35) .
To avoid batch-to-batch variations and restrictions in exploring the mechanistic aspect of semipurified formulations, three Frequency of dicentric and ring chromosomes in radiation and G-002M-pretreated + radiation groups at various doses of ionising radiation. Standard culture method of dicentric assay of 48 h was followed. Minimum 100 well-spread metaphases were scored for each sample. No DC was found in control and G-002M-only group. @ = G-002M-pretreated irradiated samples versus respective radiation-only group. *P < 0.01 (significant), **P < 0.001 (highly significant). Fig. 6 . Frequency of acentric fragments in blood samples from control, G-002M-only, irradiated and G-002M-treated + radiation groups exposed to different doses of radiation. Acentric fragments, breaks and double minutes observed in metaphases were considered together. For these studies, whole blood was cultured in triplicates for 48 h to obtain metaphases for further studies. Aberrations were scored in well-spread metaphases under ×1000 (oil immersion) magnification. @ = G-002M-pretreated irradiated versus respective radiation-only group. **P < 0.001 represents highly significant values.
active principles had been isolated from freshly collected rhizomes of P. hexandrum. In the current studies radioprotective efficacy of G-002M, a combination of these three active principles was evaluated by using dicentric assay and CBMN assay in irradiated human blood lymphocytes.
DC assay, internationally accepted as gold standard, has been widely used for assessing radiation-induced cytogenetic damage in peripheral blood lymphocytes. This assay has been successfully analysed by various researchers to screen radioprotective effectiveness of their drug (36, 37) . CBMN assay has Fig. 7 . Frequency of MN in blood from control, G-002M, radiation and G-002M-treated + radiation groups exposed to various doses of ionising radiation. For CBMN assay, whole blood was cultured in triplicates for 72 h. Cytochalasin B was added at 44 h to obtain BNC. Minimum 1000 BNC were scored for MN under ×1000 (oil immersion) magnification. @ = G-002M-pretreated irradiated versus respective radiation-only group. **P < 0.001 was considered as highly significant. also shown radiation dose-dependent variation in frequency of BNC bearing one/two/multiple MN in human lymphocytes and various other cell line cultures (37, 38) . G-002M had shown concentration-dependent decrease in DC and MN frequency; however, a concentration of 0.2 µg/culture of 5 ml was found optimum in extending maximum protection to lymphocytic DNA (studied in the form of chromosomal aberrations and CBMN assay) exposed to various doses of radiation ( Figure 1A and B). G-002M used in higher concentration (0.2 µg/5 ml culture) has shown saturation in further minimising cytogenetic aberrations. Frequency of radiation-induced buds and bridges was also found to have declined significantly in G-002M-pretreated samples, indicating that our formulation could successfully inhibit complex DNA damage ( Figure 9A and B) . This property of G-002M has been demonstrated in our other studies conducted on human blood lymphocytic DNA (13) .
During this study, we have observed that G-002M at a concentration of 0.2 µg/5 ml culture could lead to ~2.8× decrease in chromosomal and CBMN aberrations (DC and MN) at 2Gy. Similar to our observation, Montoro et al. (36) has also demonstrated optimum chromosomal protection of 44% at 120 µg/ ml concentration of Propolis against 2Gy gamma radiation and the decline in aberrations stopped with further increase in concentration. Aegle marmelos had also been reported for maximum reduction of MN by 5 µg/ml against 3Gy of radiation as revealed by Jagetia et al. (37) . G-002M has been found effective at a very low concentration when compared with other radioprotectors mentioned above.
Literatures with other active principles such as curcumin and hesperidin have also shown protection of human blood lymphocytes against aberrations, induced by gamma radiation up to 4Gy (39, 40) . Vijayalaxmi et al. (41) have shown a 60% reduction in MN by melatonin at 4Gy, which is similar to the protection offered by orientin and vicenin (38) . More recently, radioprotection offered by resveratrol was observed to be 52% (42) . A DMF of 1.43 and 1.39 at 5Gy analysed by dicentric assay and CBMN assay, respectively, confirmed the high DNA protective efficacy of G-002M against radiation ( Figure 10 ). Molecular studies conducted separately have also revealed reduction in DNA damage and upregulation of DNA repair pathways in human blood lymphocytes exposed to various doses of radiation (13) . The current observation is in consonance with earlier studies of our group with different semipurified extract of P. hexandrum (G-001M) showing DNA protection confirmed by comet assay and hallo assay indicating reduction in DNA damage in lethally irradiated mice (8, 10) . These reports thus strongly indicate P. hexandrum Fig. 9 . NPB (A) and NuB (B) in BNC in human blood cells pretreated with G-002M and exposed to different doses of radiation. For these studies, blood was drawn from healthy individuals in heparin vacutainers. Cultures, put in triplicates, were terminated at 72 h. NPB (biomarkers of DNA miss-repair and/or telomere end fusion) and NuB (biomarker of elimination of amplified DNA and DNA repair complexes) were scored in minimum 1000 BNC. @ = G-002M-treated irradiated samples versus respective radiation-only group. *P < 0.05 was considered as significant while **P < 0.001 as highly significant. Fig. 10 . DMF of G-002M represented by using (A) DC and (B) MN as end points. In case of dicentric assay, value of DC/ metaphase at 5Gy is equivalent to 3.5Gy giving a DMF of 1.43, while DMF of 1.39 was obtained in CBMN assay as the value of MN/1000 BNC at 5Gy corresponds to 3.6Gy. efficiency in protecting DNA from multiple breakages induced by high doses of radiation.
Appearance of NPB and NuB in BNC are reported to have a linkage to DC and gene amplification, respectively (27) (28) (29) . In this study, NPB and NUB in G-002M-pretreated and irradiated human blood lymphocytes were found to have declined significantly in comparison to radiation-only group ( Figure 9A and B). Both these parameters were also recently used by Fenech and Crott (39) and Wu et al. (44) to check the effect of exposure to cytotoxic and genotoxic agents.
The protective efficacy of G-002M, proved in various experimental models, could be attributed to its multiphasic action. The property of P. hexandrum to stabilise free radicals, which is the major cause of DNA damage in case of low linear energy transfer radiation exposures, has been confirmed repeatedly under various published studies using in vitro and in vivo assays (9, 33, 35) . G-002M and its all the three compounds (A, B and C) individually were found scavenging free radicals, studied in spleen and bone marrow of irradiated mouse (11) . This study also revealed that G-002M could scavenge 47% free radicals generated after radiation exposure. This characteristic of our formulation was confirmed based on its ability to stabilise 1,1-Diphynel1-2 picryl hydrazyl radicals. Total reducing power of compound C alone was observed to be 8-9% higher than that of butylated hydroxyl toluene (used as reference standard) in experiments conducted on irradiated and formulation (G-002M)-pre-administered mouse (11) . It is amply reported that decline in free radical formation significantly reduces lipid peroxidation (35) , strengthens the endogenous antioxidant defence system and minimises damage to cellular macromolecules including DNA and proteins. Decreased production of free radicals also downregulates proapoptotic factors (35, 45) leading to reduced apoptosis. G-002M was also studied separately to evaluate bone marrow stem cell status (CD-34 & CD-117 positive cells) in differentially treated mice dissected at various time intervals (24 h and 7, 13, 21 and 30 days). Both CD-34 and CD-117 positive cells were found to be increased on G-002M pretreatment, compared with radiation-alone group; however, level of CD-34 and CD-117 positive population was completely restored on 1 month of experimentation and was found comparable with controls (data not shown). Therefore, the study suggests possible role of G-002M in radioprotection of hematopoietic progenitor cells. Another possible mode of action of extending radioprotection by G-002M may be by temporarily blocking cell division at the radiosensitive phase of the cell cycle (G2/M), confirmed during this study ( Table 1) . Blockade of cell division at the most sensitive phase of cell division is known to lead to minimal DNA damage and also to provide enough time to carry out DNA repair before proceeding further (46) . Compound A, the important content of G-002M, has been reported for its G2/M arrest property earlier too, by various authors (47, 48) . In corroboration with other reports, we have also shown G2/M arrest property of G-002M by replacing colchicine with G-002M in standard culture. The arrest is demonstrated by temporary inhibition in release of tubulin protein required for spindle formation to which each chromosome gets attached individually during the process of segregation (48) . Reversible G2/M arrest and modulation of many cell cycle regulators like p53, bcl-2, TGF-beta, Cyclin-E etc by P. hexandrum can also be found in literature (49, 50) .
Above mentioned studies suggest strong capability of P. hexandrum (G-002M) in protecting radiation-mediated human lymphocytic DNA damage. Its mechanism of radioprotection is attributed to its multidirectional mode of action. Free radical scavenging, protecting endogenous defence system, G2/M arrest and upregulation of DNA repair pathways are few of them. Effectiveness of G-002M at very low concentration and showing high DMF strongly favours further exploration of this drug for human use, specifically during unplanned radiation exposures. 0.04151 ± 0.0028 0.0281 ± 0.0025 G-002M (0.50 µg/5 ml culture) 0.0554 ± 0.0022 0.063 ± 0.0038 G-002M (1.25 µg/5 ml culture) 0.0173 ± 0.0035 0.0629 ± 0.0035 G-002M (2.5 µg/5 ml culture) 0.0164 ± 0.0038 0.0611 ± 0.0033
Colchicine was used as positive control for this experiment. Colchicine was replaced by various concentrations of G-002M in standard whole blood culture of 48 h and 72 h. Frequency of metaphases was scored in 10% Giemsa stained slides under a magnification of ×1000 (oil immersion).
